Due to rising temperatures worldwide many areas are threatened with increasing numbers of fire occurrence. Poland is among these areas and is projected to experience over the next century an increase in both heat stress and wildfire activity with the potential to turn its fire-resistant forests into fire-prone forests. This paper aims to provide an introduction to the conditions favourable to fire occurrence in Poland, summarising the research on sedimentary charcoal analysis and reviewing fire reconstructions based on natural archives from Poland. Here, natural wildfires occurred at the beginning of the Holocene but, due to changes in climate (wetter summers) and vegetation after 6550 BC, the main trigger of fire occurrence became human activity, mainly as a result of forest clearance for agrarian purposes. However, there is evidence that prolonged droughts also triggered wildfires. Over recent decades, according to existing data, arson (44.85%) and negligence (34.43%) have been the most common causes of fire occurrence in Poland.
Introduction
Fire is an important disturbance that causes notable changes in vegetation composition, and the structure and function of the ecosystem (Carter et al. 2018) . It is also a key component of many natural ecosystems. It is closely linked to climate (Marlon et al. 2009 ) and influences nearly all the biomes that play a critical role in nutrient cycling (McWethy et al. 2013) . Fire activity has increased over the past few years and it is predicted to become even more intense with future warming (Blarquez et al. 2015) . According to the Annual Report on Forest Fires in Europe by the European Commission (EC) (San-Miguel-Ayanz et al. 2018) , Europe is likely to face an increasing threat of wildfire activity. Although the Mediterranean region remains the most affected area, in recent years unusually dry summers have led to large wildfires in countries such as Sweden, Germany and Poland (Fig. 1) . Extreme climate events such as heat waves and prolonged drought episodes have become more frequent across Europe since the 1950s (IPCC 2014; Kundzewicz et al. 2018) , making forests more vulnerable to disturbances such as fire (de Rigo et al. 2017) . Climate models predict that extreme climate events will become more severe throughout Europe as a result of rising global temperatures (Kundzewicz et al. 2018 ). This temperature change will increase fire risk among central and southern European ecosystems by the end of the 21 st century. As the risk of wildfire increases, so does the impact on vegetation, with forest ecosystems becoming less resilient and less adapted to changing fire regimes (Lindner et al. 2014) . This is alarming because currently the role of fire as a disturbance agent is deemed negligible in Central European temperate forests (Adámek et al. 2015; Dietze et al. 2018) . Thus, future climate change may potentially threaten the resilience of temperate forests like the ones in Poland. The recent increase in fire activity has been accompanied by the rapid development of palaeofire science (Vanniére et al. 2013) , which allows past fires regimes to be studied using a suite of proxies that may help to understand when, where and what type of fire occurred (Conedera et al. 2009 ).
Poland is projected to experience an increase in both heat stress and wildfire activity over the next century (Lung et al. 2013) , which has the potential to turn these fire-resistant forests into fire-prone forests (Adámek et al. 2015) . In addition, Polish forests are abundant with Pinus sylvestris (Scots pine) which is rated as a highly fire-prone fuel type. With current human-induced climate change, coupled with fire exclusion and the discontinuance of litter collection (Komarek 1983) , this fire-prone species is experiencing a rapid increase in wildfire activity (Adámek et al. 2015) . Therefore, the understanding of how wildfire activity may change with future climate change is critical. Investigating past wildfires by focusing on how certain components of fire re-gimes have changed during past warm periods offers a better understanding of how Polish forests may respond to future climate change. Thus, this paper aims to summarise i) conditions favouring fire occurrence in Poland, ii) recent fire causes, and iii) sedimentary micro and macro charcoal analysis and a review of fire reconstructions since the last glaciation retrieved from natural archives from Poland with special attention to lake sediments.
Climate of Poland
Poland is predominantly a lowland country located in a transitional (from maritime to continental) moderate climate zone where humid Atlantic air from the west collides with dry continental air from the east.
Temperature
The temperature varies most during winter months, which are influenced by either oceanic or continental air masses causing warmer or colder winters, respectively (Graczyk and Kundzewicz 2016). The mean annual air temperature (8.1°C) is highest in the southwest of Poland, while it is lowest (6.2°C) in the northeast (Matuszkiewicz 2005) . Within the last decades there has been a significant air temperature increase, especially in February, March, May and August, when the temperature has risen from between 0.3°C and 0.7°C per 10 years. These changes are related to a stronger influence of the Atlantic Ocean on the climate of Poland (Michalska 2011). The number of hot days (t max >30°C) and tropical nights (t min >20°C) -both values after Niedźwiedź (2003) -has also significantly increased in recent years (Graczyk et al. 2017) .
Precipitation
The amount of rainfall and evaporation influences the hydrological regime in warm seasons, while precipitation (snowfall and rainfall) are crucial factors determining the colder months (Szwed et al. 2017 ). The mean annual precipitation (calculated for the Kundzewicz et al. (2018) noticed an increased number of days with intense precipitation, especially in northwest Poland during winter and spring seasons in recent years. On the other hand, the number of dry days increased in many parts of the country in the summer months.
Snow cover plays an important role in the hydrological cycle as a seasonal water reservoir. Earlier snow melting increases the likelihood of drought during the summer. In general, snow cover in Poland is observed from late November to late March. Snow cover thickness varies from 2.2 cm to 11.8 cm (mountain areas excluded) (Szwed et al. 2017) .
Conditions favouring fire occurrence in Poland
Fire occurrence in Poland is most probable during spring and summer. According to the forest fire hazard map (http://bazapozarow.ibles.pl/zagrozenie/) the fire season lasts from 1 April to 30 September. According to the EC report (2016) favourable weather conditions brought the year 2015 close to record values of forest fires from the last years of the 21 st century. The mean monthly air temperature that year was 0.5°C higher than long-term values (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) and was 9.43°C as measured by the Institute of Meteorology and Water Management (IMGW-PIB) in Poland. The average daily precip itation level in the 2015 fire season was 1.5 mm and was the lowest value noted in the 21 st century (San-Miguel-Ayanz et al. 2016 ). The highest fire risk occurred in August, and the lowest in September. In the next years (2016 and 2017) the fire risk decreased. However, according to IMGW-PIB the year 2018 was warmer than 2015 by 0.03°C which again increased the fire risk. Despite changes in precipitation and temperature, another factor determining fire occurrence is litter moisture. The security level of moisture for dead pine is 30%. Lower values show an increasing risk of fire occurrence (e.g. San-Miguel-Ayanz et al. 2018). During the fire seasons (2007-2017) the litter moisture varied from almost 60% to below 10%. The driest season was 2015, with a mean pine litter moisture of only 14-19% depending on the measuring time (1 pm vs 9 am) (San-Miguel-Ayanz et al. 2015).
Polish forests
In the past, forests covered almost the entire territory of modern-day Poland. The composition of forest varied through the Holocene. During the early Holocene, open-land taxa (mainly grasses) and pine reached their maximum. After 8500 cal. BP these declined, and broadleaf forest expanded, reducing the area of flammable species (Dietze et al. 2018) . A significant forest structure change has also been presented by Słowiński et al. (2019) . The deciduous trees (mainly Carpinus and Quercus) in the Tuchola Forest (N Poland) decreased from 35% in 1200 CE to around 5% in 1750 CE. However, as a result of historic social and economic transformations, the development of agriculture and a strong demand for wood, forests underwent significant changes (Lasy Państwowe 2017). Nowadays, forest covers almost 30% of the area of Poland. Due to the abovementioned transformations (mainly after 1700 CE and later, between 1945 and 2016) forests composition changed from broadleaf-dominated into a Pinus silvestris monoculture (Słowiński et al. 2019), which makes Polish forests especially at risk from wildfires under favourable conditions. The forested area in Poland varies from 21.4% in Łódzkie Voivodeship to 49.3% in Lubuskie Voivodeship (Fig. 2) . The growing stock of Scots pine in % of gross grand total timber is highest in Kujawsko-Pomorskie Voivodeship (83.7%) and lowest in Małopolskie Voivodeship (16.8%). In 13 out of 16 voivodeships in Poland the contribution of the fireprone tree species (Pinus sylvestris) is higher than 50% of total timber, making these areas more vulnerable to fire occurrence (after Lasy Państwowe 2017; Adach-Stankiewicz et al. 2018).
Recent fire causes in Poland
Forest fires reflect the cultural background of human evolution, and most wildfires are caused by human activity. This is due to: i) unsustainable forest management; ii) degradation of ecosystems; and iii) planting of highly flammable forest species, which facilitates the ignition and spread of fires. According to the EC, in years 2004-2017 the most common causes of fire in Poland (Table 1) were arson (44.58 %) and negligence (34.43%). Unknown source of fire was reported as 17.94% of all fire causes. In addition, in the years 2014-2017 fires were caused by accident in 6.51% of reported events. Destructive human activity was also mentioned by Marcisz et al. (2018) who concluded from questionnaires that in some regions of Poland up to 90% of recent fires are of anthropogenic origin.
Forest fire reconstruction: micro and macrocharcoal analysis
Fire is a natural process integral to the order and function of our planet. Studying the influence of fire in the Earth's ancient ecosystems helps to understand the flammability of vegetation and the environmental responses and hence, to predict future changes (Colombaroli and Tinner 2013; Sadori et al. 2013) . To be successful, we need to better understand the drivers, because fire is not only driven by temperature but also by the flammability of vegetation (i.e. fuel) and ignition, which are both driv-en and triggered by either natural or human activity (Conedera et al. 2009; Dietze et al. 2018) .
Micro and macrocharcoal characteristics
Past fires (palaeofires) can be tracked by analysing sedimentary charcoal. Particulate charcoal is produced by the incomplete combustion of organic matter, and therefore provides direct evidence of burning (Conedera et al. 2009; Scott 2010) . It is produced between temperatures of 280°C and 500°C (Chandler et al. 1983) . Higher temperatures convert the material into ash and lower temperatures may scorch material but not char it (Whitlock and Larsen 2001). Charcoal origins may be local (within the watershed), regional (distant), continental, or even global (Conedera et al. 2009) (Fig. 3 ). Microscopic charcoal (<100 microns) is usually counted as part of routine pollen analysis (Whitlock and Larsen 2001) and is assumed to be transported over long distances from the source and therefore to mostly reflect regional fire history (e.g. Tinner et al. 1998; Blackford 2000) . In contrast, macroscopic charcoal (>100 microns) is usually not transported far from fires; thus it seems that it is more suitable for local fire events, mostly deriving from a few hundreds of metres. This assumption is based on several calibration studies that showed evidence for a local origin of macroscopic charcoal and regional origin of microscopic charcoal (Conedera et al. 2009 ).
Charcoal analysis
Fire is registered in sedimentary charcoal records through total charcoal abundance (per unit of sediment), which is proportional to the total biomass burned (Marlon et al. 2009 ). It occurs also as peaks in charcoal accumulation, which mark individual fires in sedimentary records. Peaks in abundance of macrocharcoal could also reflect higher energy sediment input to the depositional area, or rare instances of long-distance transport (Power et al. 2008) .
The methodology can vary for different depositional environments but, in general, analysis of microcharcoal is usually performed during pollen analysis and thus, sample preparation follows the method applied to pollen slides. Analysis of mac- rocharcoal particles includes continuous sampling from sediment cores or peat/soil profiles. The particles are retrieved by disaggregating sediment in 20 ml solution of dilute sodium hexametaphosphate and 10 ml potassium hydroxide (5%). Next, the samples should be washed gently through a 250-micron sieve and then bleached using 1-2 ml of sodium hypochlorite (8% NaOCl) for the minimum time necessary to achieve a consistent bleaching effect. After this process, samples should be washed gently through a 125-micron sieve with the use of warm water. The macrocharcoal particles should be moved then to Petri dish and examined under a low-power binocular microscope with a magnification of 30-60× (Feurdean et al. 2017). The total concentration of charcoal (pieces per cubic centimetre) should be later multiplied by sedimentation rate (centimetres per year) in order to obtain the charcoal accumulation rate (CHAR) ). To identify local fire events the CHAR is decomposed into CHAR-background, mirroring regional fire activity and secondary charcoal deposition, and into CHAR-peaks reflecting local fire events (Feurdean et al. 2017) .
Charcoal deposited in natural archives
Usually, charcoal is transported to the deposition place by wind but can also float on the water. In certain cases, the macrocharcoal is not deposited immediately after a fire event (primary charcoal) but the deposition may occur over many years following the event (secondary charcoal) (Conedera et al. 2009 ).
Sedimentary charcoal can be found in natural archives as peatlands, soil or lake sediments. Although soil deposits and peatlands are valuable records for reconstructing fire history and provide substantial insights where lacustrine sediments are lacking, it is believed that they present a less powerful reconstruction than lake sediments (e.g. Tolonen 1983). For instance, the soil record can be vulnerable to erosion and the signal in peat records may be lost due to their burning in dry periods (Conedera et al. 2009 ). In general, lake sediments are one of the most important natural archives to allow the tracking of environmental changes. Among them, particularly valuable are varved sediments because they record with (sub-)annual resolution physical, chemical and biological conditions during sediment formation. While a resolution of 30 years is useful in detecting trends in biomass burning, this level of resolution is insufficient when trying to quantify annual to decadal triggers such as weather conditions favourable to fire occurrence or ignition likelihood. Annually laminated lake sediments (i.e. varves) offer the highest time resolution possible. A single annual unit -a varve -is composed of at least two different layers (seasonal laminae) that can be distinguished based on their composition, colour, structure and thickness (Zolitschka et al. 2015) .
The general preconditions and processes controlling the formation and preservation of varves depend on both natural and anthropogenic factors, such as seasonal differences in runoff, algal blooms, periods of intense calcite precipitation, and agriculture (Lotter and Lemcke 1999; Bonk et al. 2015) . Individual sub-layers representing certain seasons or even short-term events are also common within each lamina, which offers the unique opportunity to study wildfire behaviour in a high-resolution approach. However, annually laminated sediments are relatively rare.
Possible pitfalls
There are a few possible pitfalls during reconstructing palaeofires from lake sediments. To be considered promising for palaeofire reconstruction, a lake should have: i) a catchment bigger than the size of the lake; ii) gentle slopes, to decrease the introduction of secondary charcoal through erosion; and iii) small or no inflowing streams that could transport secondary charcoal (Whitlock and Larsen 2001). One of the challenges of palaeofire reconstruction using sedimentary macrocharcoal is the timing of charcoal deposition. It can vary due to the weather and season during the fire, the geomorphological and topographical features of the area, and combustion intensity (Conedera et al. 2009 ). Charcoal could also float for a considerable time (hours to weeks) before being deposited and incorporated into sedimentary sequences (Scott 2010). However, the careful investigation of macrocharcoal particles can tell us whether or not the charcoal was transported far from the source. An assemblage of the same charred particle type (e.g. wood) would indicate sorting during transport, whereas an assemblage of various plant parts of different sizes may imply minimal transport and indicate a local fire (Scott 2010). The transport itself may also have some implications. Some of the bigger charcoal particles may be crushed during depositional or post-depositional processes and, thus, the record can show stronger regional signals.
Palaeofire reconstructions based on sedimentary charcoal from natural archives in Poland
Over the last few decades, the palaeofire discipline has rapidly evolved, allowing researchers to better understand past wildfire regimes (Conedera et al. 2009 ). Fire history records using sedimentary charcoal are abundant across Europe (Global Charcoal Database, https://www.paleofire.org), although there are only a few long-term fire history records from Poland. This is likely due to the country's presumed low vegetation flammability (i.e. generally humid conditions), low frequency of lightning strikes, and the presence of broadleaf forests, which typically rarely burn (Dietze et al. 2018 ). However, Carter et al. (2018) highlight that fire was an important disturbance factor throughout the Holocene in Central Europe, despite the perceived notion that fires are a negligible disturbance factor. They also point out that there is currently a lack of long-term information on past fire regimes to reliably assess the vulnerability of temperate zone forests to climate change and increasing fire risk. Currently, there are several fire reconstructions from Poland (Fig. 3) . Among them, only a few (Gałka et al. 2014; Marcisz et al. 2015 Marcisz et al. , 2019 Kajukało et al. 2016; Dietze et al. 2019; provide fire reconstruction based on macrocharcoal from natural archives such as lakes and peatlands. However, there is more research on microcharcoal analyses, which provide regional fire histories in certain areas, mainly from the Polish lowland (Figs 4 and 5). These studies include variable time periods but, in general, reconstruct the forest fire history in Poland between ca. 5500 bc to 2011 ad, which is related to human activity. In addition, Di-etze et al. (2018) published an extensive study on Holocene fire activity in the Central European Lowland, including around 30 sites from Poland (Fig.  4) . Microcharcoal was also observed throughout the Holocene in Lake Gościąż (Ralska-Jasiewiczowa et al. 1998 ) in central Poland.
The main trigger of fire occurrence is human activity. Widespread and potentially natural fires occurred only in the early Holocene (Dietze et al. 2018) . The change in climatic conditions and the land cover limited fire occurrence from ca. 6550 bc. Since fire become a tool, humans have used it to transform the environment. Forest clearance using fire is quite well documented in various sites, including archaeological sites (cemeteries, settlements, strongholds) and natural archives (peatlands and lakes). Humans have had a significant influence on the environment since Mesolithic times (Szal et al. 2014; Wacnik et al. 2014; Poraj-Górska et al. 2017) but the last millennium is especially affected due to bigger societies and land transformations for agrarian purposes. The anthropogenic impact extended far beyond the local scale and was closely related to land-use strategies (Wacnik et al. 2016; 1998; Szal et al. 2014; Wacnik et al. 2016 , Poraj-Górska et al. 2017 Dietze et al. 2018 Dietze et al. , 2019 Żarczyński et al. 2019 ) and peatlands (Lamentowicz et al. 2008; Gałka et al. 2013 Gałka et al. , 2014 Marcisz et al. 2015 Marcisz et al. , 2017 Marcisz et al. , 2019 Kajukało et al. 2016; Latałowa et al. 2016; Słowiński et al. 2016; Dietze et al. 2018; al. 2019; Żarczynski et al. 2019) . Unintentional forest fires were often related to local forest production (charcoal and tar production, beekeeping) as well as grazing associated with the burning off of undergrowth (Latałowa et al. 2016 and references therein) . Beekeepers used to set bonfires at the base of a pine to cause the trunk injury. The obtained resinous wood was used as kindling or smoke fuel for use in extracting honey (Zin 2016). Extreme droughts are the second most common reason for fire occurrence in Poland (Gałka et al. 2013; Słowiński et al. 2019 ). There are large coniferous monoculture forests which are highly susceptible to fires and other disturbances, especially during prolonged drought. Marcisz et al. (2017) suggest that local climatic conditions and fuel availability influenced fire events. In addition, stronger fire activity occurred in eastern Poland where a continental climate dominates, as compared to western Poland where the climate is more oceanic. Latałowa et al. (2016) noticed that prolonged droughts may have been a main trigger of forest fires in the Białowieża region (E Poland) between 4000 bc and 1800 bc, but human activity cannot be excluded.
Typically, micro and macrocharcoal analyses are conducted in an average resolution of 5-30 years in archives such as mires or peatlands. A higher resolution is not possible, due to the limitations of the dating method. To track palaeofires at the highest possible resolution, research should be based on annually laminated sediments. They allow for an understanding of what the environment was like in the past (before the fire event), how quickly forests can recover from disturbances, and how resilient they could be to changes in calendar years. Thus, new research should focus on long-term high-resolution reconstructions from natural archives that make it possible to predict how the forest can respond to disturbances in the future.
Another direction that palaeofire research should develop might be to apply reflectance microscopy to determine the minimum temperature of charcoal formation. It has been shown, by reflectance method with oil immersion, that the ordering of charcoal structure increases with increasing charring temperature, which translates into a predictable increase in the measurable amount of light reflected from the sample (Hudspith et al. 2015) . Generally speaking, reflectance measurements can provide an indirect measure of the minimum temperature that material has been subjected to during fire. This method has been successfully applied to big charcoal particles (e.g. Hudspith et al. 2015; Belcher et al. 2018; New et al. 2018 ) and has improved the knowledge about fire-severity assessment, but the method is still applied only rather rarely.
Summary
It is predicted that in the upcoming years the threat of wildfires will increase even in regions considered to be unthreatened, such as the Polish Lowland, leading to disastrous environmental and economic consequences.
Due to historic social and economic transformations, Polish forest communities are dominated by Pinus sylvestris (Scots pine), known to be a fire-prone species, which makes many areas vulnerable to fire occurrence. Sedimentary charcoal is often used to reconstruct palaeofires, giving a means to predict future changes. Fire history studies using sedimentary charcoal are abundant across Europe; however, there are only a few long-term fire history records from Poland. This is likely due to the presumed low flammability of the vegetation and the low number of lightning strikes. Palaeofire reconstruction in Poland was based on micro and macrocharcoal for the interval of several hundred to several thousand years. Natural forest fires were common at the beginning of the Holocene. Later, due to forest clearance for agrarian purposes, past fire episodes were also triggered by human activity. However, prolonged droughts could also be considered as a trigger of fire. The existing research shows that, over the past decades, the most common trigger of recent fire events in Poland is human activity (arson or negligence).
